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The MSSM

What can it do:

• It is a solution to the “Hierarchy Problem”
• Light Higgs mimics SM Higgs in production 
and decay
• Bound on Higgs mass at tree-level 
proportional to gauge couplings
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What does the MSSM rely on?

Need for large radiative corrections originating 
from SUSY particles... heavy stops above 1 TeV

Creates a fine tuning in the mass parameters 
since      provides the cutoff for the 
quadratically divergent Higgs mass parameter

➡Introduces a“Little Hierarchy problem”

In the Higgs decoupling limit, the bound on 
the MSSM Higgs is the same as that of the 
SM Higgs from LEP->114 GeV

mt̃
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Beyond the MSSM

NLO contributions arise from Kahler potential  
terms                  small for consistent effective 
field theory yet relevant

W ⊃ µĤuĤd +
ω

2M
(ĤuĤd)2

• Effective Field theory with SUSY preserving and 
SUSY breaking dimension 5 operators Dine, Seiberg and Thomas;

See also:
Carena, Kong, Ponton, and 
Zurita;
Antoniadis, Dudas, Ghilencea, 
and Tziveloglou;

O
�
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Beyond the MSSM

• Incorporate gauge singlets 
i.e. SMSSM (Delgado, Kolda, Olson, AP 2010):

WŜ = (λŜ + µ)ĤuĤd +
µs

2
Ŝ

2

m2
h0 � m2

Z cos2 2β +
2λ2v2

µs
(2µ sin 2β −Aλ sin2 2β)



Hunting for additional 
sources of CP violation
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Motivations for additional sources of CP violation

Standard Model has two sources of CP violation
1.CKM matrix: Constrained by unitarity

probed through the K and B meson systems
2.Arising from strong dynamics: 

Constrained by neutron electric dipole 
moment (EDM)

Problem in reproducing CP violation from the 
baryon asymmetry in the universe (BAU)

- probed through the K and B meson systems

nB

nγ
= (1.5− 6.3)× 10−10

L ⊃ αs

8π
ΘGG̃
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CP violation in the MSSM Higgs sector

• Radiatively induced
• Phases may occur in 
• Mixing among CP-even and CP-odd Higgs

MSSM can be used as a model for 
electroweak baryogenesis to generate the 
BAU... However

• EWBG requires a light right handed 
stop... (strong 1st order phase transition)
• MSSM requires a large stop
➡ Fine tuning

µ,Af ,m1/2
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Beyond the MSSM with CP violation 
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CP violating BMSSM

Effective field theory approach:
• Leading higher dimensional operators added 
to MSSM Higgs sector

W = WY ukawa + µĤuĤd +
w

2M
(ĤuĤd)2

• SUSY breaking term in the Lagrangian
L ⊃ α

ωms

2M
(HuHd)2
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CP violating BMSSM

Effective field theory approach:
• Leading higher dimensional operators added 
to MSSM Higgs sector

W = WY ukawa + µĤuĤd +
w

2M
(ĤuĤd)2

• SUSY breaking term in the Lagrangian

L ⊃ α
ωms

2M
(HuHd)2

   and    are complex order one parameters; 
and     is the scale of the SUSY breaking 
terms of the BMSSM physics

ω α

ms
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At the renormalizable level, the tree 
level potential is given by:

• Parametrize the complex coefficients as

λ5 = |λ5|eiφ5 ≡ αωms

M

λ6 = |λ6|eiφ6 ≡ ωµ∗
M

Vren = VMSSM +
�
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1/M operator in the Superpotential leads to 
additional non-renormalizable operators

where

V6 =
λ8

M2
(HuHd)(H†

uH
†
d)(H†

uHu) +
λ�

8

M2
(HuHd)(H†

uH
†
d)(H†

dHd)

λ8 = |ω|2

• Crucial in bounding potential from below
• At the      , Kahler terms can be 
incorporated -> lead to larger Higgs masses 

Carena, Kong, Ponton and Zurita

1/M2
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Electroweak Symmetry Breaking:
• The Higgs fields are parametrized 
as follow:

• Relative phase can be rotated away by 
a U(1) transformation and              is 
physical 

θ = θu + θd

H
T
u = e

iθu(H+
u ,

vu + hu + iau√
2

) H
T
d = e

iθd(
vd + hd + iad√

2
,H

−
d )

vu = v sinβ

vd = v cos β
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• where the third condition leads 
to:

v2cβsβ |λ5| sin(φ5 + 2θ) + v2|λ6| sin(φ6 + θ)− 2Bµ sin θ = 0

• Minimization conditions do not 
necessarily lead to a unique solution
• Second mimima along D-flat direction
• Metastability

∂V

∂ReHu
=

∂V

∂ReHd
=

∂V

∂θ
= 0



Spectrum at tree-level
In the absence of CP violation we have:

• CP violation leads to scalar-pseudoscalar 
mixing:

�
h

H

�
=

�
cα −sα

sα cα

� �
hu

hd

�
,

�
G
A

�
=

�
sβ −cβ

cβ sβ

� �
au

ad

�

M2
H

=




M2

h
0 M2

hA

0 M2
H

M2
HA

M2
hA

M2
HA

M2
A





SUSY 2011, August 28th 2011

M2
hA = −v2

2
(cβ+α|λ5| sin(φ5 + 2θ)− 2sβ−α|λ6| sin(φ6 + θ))

M2
HA

= −v2

2
(sβ+α|λ5| sin(φ5 + 2θ)− 2cβ−α|λ6| sin(φ6 + θ))



Spectrum at tree-level
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• The mass matrix is diagonalized 
by an orthogonal matrix      such 
that

Oij

O
T
M

2
H

O = diag(M2
H1

,M
2
H2

,M
2
H3

)
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Constraints arising from EDM’s
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FIG. 3: Examples of BMSSM contributions to CP-violating operators: (a) one-loop and (b) two-

loop EDM and chromo-EDM, (c) Weinberg operator, and (d) four-fermion operator.

given at 95% C.L.:

| dn| < 3.5× 10−26 e cm , (35a)

| dTl| < 1.1× 10−24 e cm , (35b)

| dHg| < 2.9× 10−29 e cm . (35c)

In many scenarios, including in our present work, the electron EDM de provides the dominant

contribution to dTl, given by dTl " −585 de. Under this assumption, the corresponding

bound is | de| < 1.9× 10−27 e cm [95% C.L.].

CP violation in the BMSSM generates, below the weak scale, several classes of CP-

violating, non-renormalizable operators, which in turn give rise to the above EDMs [56]. In

Fig. 3, we show examples of BMSSM contributions to these operators. At dimension five,

there are EDM and chromo-EDM operators, arising at one-loop order (Fig. 3a). Two-loop

contributions (Fig. 3b) become dominant when first and second generation sfermions are

heavy (mf̃ ! 1 TeV) 5. At dimension six, there are the Weinberg operator (Fig. 3c) [57] and

four-fermion operators (Fig. 3d). Novel BMSSM contributions to these operators arise from

(i) explicit factors of ε1i in the mass terms for sfermions and higgsinos [Eqs. (17-19)], (ii) tree-

level scalar-pseudoscalar neutral Higgs mixing [Eq. (12)], and (iii) the complex Higgs vev,

also arising at tree-level [Eq. (16)]. These contributions give rise to irreducible EDMs that

cannot be universally suppressed without also destroying the viability of EWBG (barring

fine-tuned cancellations).

5 In the BMSSM, one must not push the first and second generation sfermion masses above the scale M ,

where the BMSSM ceases to be valid. In principle, one could consider a modified version of the BMSSM

in which these sfermions are integrated out along with the physics responsible for the BMSSM operators.

18

at 95% C.L:

|dn| < 3.5× 10−26ecm

|dTl| < 1.1× 10−24ecm

|dHg| < 2.9× 10−29ecm

• Highly sensitive probes of CP violation
• Lead to tight constraints on new sources of 
CP violation
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Constraints arising from EDM’s
• One loop EDMs mainly induced by phase of 
the Higgs vev 
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•   terms due to       resummation from non-
holomorphic corrections to down quark and 
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• One loop contributions are       enhanced
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Constraints arising from EDM’s

•Two-loop contributions are due to Bar-Zee 
diagrams

• Sensitive to mixing between scalar and 
pseudoscalar Higgs through 
• Two-loop contributions can be as large as 
1-loop contributions for relatively light Higgs 
masses 

d
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Figure 5: Bounds from the EDMs in the Arg(α) - Arg(ω) plane for two different values of |α| =
1, 0.5. The remaining parameters are fixed to tanβ = 2, |ω| = 1, µ = mS = 150 GeV, M = 1.5 TeV,

MH± = 200 GeV, m̃ = 800 GeV, At = 2m̃, Ab = Aτ = 0 and Mg̃ = 3M2 = 6M1 = 1200 GeV.

The solid and dashed black lines correspond to the Thallium and Mercury EDMs respectively.

The neutron EDM does not lead to constraints in the considered scenarios. The dotted blue lines

indicate the values of the phase of the Higgs VEV θ. In the red region the electro-weak symmetry

breaking vacuum is only a local minimum of the Higgs potential.

be found e.g. in [50]. While the prediction for the Thallium EDM is rather robust, the

uncertainty in the neutron EDM is estimated to be at the level of 50% and the expression

for the Mercury EDM is only accurate up to a factor of 2-3 [49]. We take these uncertainties

into account when evaluating the corresponding constraints.

As the dominant contributions to the EDMs are tanβ enhanced, larger values of tanβ
lead to stronger constraints. Here we restrict the discussion to the low tanβ regime, where

we expect the most interesting Higgs collider phenomenology (see Sec. 4). A detailed

treatment of EDMs for large tanβ will be important when we explore a complementary

region of parameter space analyzing interesting effects in the flavor phenomenology (see

Sec. 5).

In Fig. 5 we show the constraints coming from the EDMs in the Arg(ω)−Arg(α) plane
for two example scenarios with tanβ = 2. We observe that the most stringent constraint

comes from the Thallium EDM that is dominantly induced by the 1-loop chargino con-

tribution to the electron EDM. From (26) one expects that the allowed region therefore

corresponds to small values of the phase of the Higgs VEV θ as it is also shown in Fig. 5,

where the values of θ are indicated in blue. In (26) we neglected additional 1/M suppressed

corrections that can be incorporated by replacing the Higgsino mass with an effective term
µeiθ → µeiθ − ω v2

M sβcβe2iθ. Therefore, the region compatible with the Thallium EDM is

15
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M = 1.5 TeV

µ = ms = 150 150

ω = 1

tanβ = 2

MH+ = 200 GeV

Dashed blue lines correspond to different 
values of the phase of the Higgs vev



Higgs Collider Phenomenology
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LEP and Tevatron Bounds

• Worked with effective couplings 
normalized to SM

ξ2
γγHi

=
Γ (Hi → γγ)LO

Γ (Hi → γγ)SM
LO

5-20%

• Compatibility with LEP and Tevatron 
searches is checked using Higgsbounds

• Incorporating also latest Tevatron 
exclusion T. Aaltonen et al.  2011

Bechtle, Brein, Heinemeyer, Werglein, Williams

ξ2
ggHi

=
Γ (Hi → gg)LO

Γ (Hi → gg)SM
LO

≈ σ (gg → Hi)
σ (gg → Hi)

SM



Figure 6: Lightest Higgs boson mass as a function of the charged Higgs boson mass (left) and the

phase of α (right). Shown are the points excluded by EDM constraints (in blue), LEP (in orange)

and Tevatron (in red). Green points are allowed. The scan is performed fixing tanβ = 2, mS =

µ = 150 GeV, a common squark mass of m̃ = 800 GeV, a common slepton mass of m̃� = 1100 GeV,

trilinear couplings At = 2m̃, Ab = Aτ = 0 and gaugino masses Mg̃ = 3M2 = 6M1 = 1200 GeV

and scanning over α, ω, M, MH± in the ranges α = (0.5 − 2)eiArg(α)
with Arg(α) ∈ [0, 2π], ω =

(0.5− 2)e−
i
5Arg(α)

, M = (1− 3) TeV and MH± < 350 GeV, respectively.

from [58], that are dominated by search channels where the Higgs is produced in associa-

tion with a vector boson and decays into bb̄, are not strong enough yet to exclude BMSSM

parameter space.

In Fig. 6 we present the result of a parameter scan of the model as defined in the

figure caption, for the mass of the lightest Higgs boson as a function of the mass of the

charged Higgs on the left and as a function of the phase of α on the right. All the shown

points satisfy the requirement of a correct EWSB (see Sec. 2.2). In addition, we impose

constraints from EDMs (points in blue are excluded), then we check the compatibility

with LEP using Higgsbounds (points in orange are excluded) and finally we impose the

Tevatron bounds as described previously (points in red are excluded). It is interesting to

note that points satisfying all the constraints (in green) arise in the entire range for the

phase of α, i.e. in spite of the strong constraints coming from EDMs, large CP violating

phases are allowed in the model.

As expected, due to the higher dimensional operators, the values of the lightest Higgs

mass cover a much larger range as compared to the MSSM and reach up to � 210 GeV,

even in presence of large CP violating phases (see right panel of Fig. 6). As discussed in [19]

in the CP conserving case, effects of higher dimensional operators at the 1/M2
order can

increase that limit further up to � 300 GeV. As we will discuss in the next section, a

rather heavy lightest Higgs boson (in the range (170-210) GeV) has usually a gluon gluon

fusion production cross section times branching ratio into vector bosons that is enhanced

with respect to the SM. Such a Higgs boson will be easily probed at the LHC already with

1 fb
−1

(see Fig. 11 below).
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Parameter Scan:

tanβ = 2 ,ms = µ = 150 GeV,mq̃ = 800 GeV

• Excluded by EDMs
• Excluded by LEP
• Excluded by Tevatron
• Allowed

Arg(α) ∈ [0, 2π]

M ∈ [1, 3] TeV
MH± ≤ 350 GeV

ω = (0.5→ 2.)e−
i
5 Arg(α)



Figure 7: Left: gg → Hi production cross sections times Higgs branching ratios into WW nor-
malized to the SM values. Right: WW → Hi production cross sections and Higgs branching ratios
into ττ normalized to the SM values. Orange points correspond to approximate CP conservation
(|Arg(α,ω)| < 0.1); green points correspond to the CP violating case (|Arg(α,ω)| > 0.1). Only
points allowed by LEP and Tevatron bounds, vacuum stability and EDMs are shown. The gray
region is excluded by the latest combined Tevatron analysis with 8.2 fb−1 [56]. See caption of Fig. 6
for the details of the scan.

21
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Generic features of the Parameter Scan
• CP conserving • CP violating

• WW channel promising in both scenarios
• For masses below 140 GeV,                                       suppressed 
compared to SM, but may be possible to probe at Tevatron and LHC
• The     channel is slightly enhanced for wide range of masses... LHC not 
yet sensitive

σ (gg → H1) · BR (H1 →WW )

ττ
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Generic features of the Parameter Scan
• CP conserving • CP violating

• Heavier Higgs boson can be 
discovered in the WW channel

• Absence of a pure 
pseudoscalar... mixing even leads 
to sizable enhancement in the 
WW production cross section

•     channel enhanced with 
respect to SM for masses above 
150 GeV where  

are too small to allow for 
detection

ττ

σ (WW → H2,3) · BR(H2,3 → ττ)
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CP violating scenarios: Benchmark points
Scenario A:

• All three neutral Higgs bosons have masses 
above 145 GeV with significant branching ratios 
into WW
• This scenario cannot be achieved in the 
MSSM

Sc. Ia Sc. Ib Sc. II Sc. III

|α| 1 1 0.8 1

|ω| 2 1 1.6 1.5

Arg(α) π/2 π/4 −2π/3 π/3

Arg(ω) −π/10 −π/20 π/20 −π/15

tanβ 2 2 3 2

MH± [GeV] 195 225 166 190

M [TeV] 2.5 2 2 2.5

µ [GeV] 160 190 140 150

mS [GeV] 160 400 100 150

Table 1: Input parameters. For all scenarios we choose a common squark mass of m̃ = 800 GeV,
a common slepton mass of m̃� = 1100 GeV, trilinear couplings At = 2m̃, Ab = Aτ = 0 and gaugino
masses Mg̃ = 3M2 = 6M1 = 1200 GeV.

Scenario III H1 H2 H3

MHi [GeV] 145 169 198

ξ2
ZZHi

0.94 0.02 0.04

ξ2
ggHi

0.68 0.59 0.53

BR(Hi → bb) 42% (23%) 59% (0.8%) 15% (0.2%)

BR(Hi → WW ) 45% (60%) 31% (97%) 62% (74%)

BR(Hi → ZZ) 6% (8%) 0.7% (2.4%) 20% (26%)

BR(Hi → γγ)× 104 15 (17) 0.8 (1.6) 0.2 (0.5)

Table 2:

Sc. Ia Sc. Ib Sc. II Sc. III

|α| 1 1 0.8 1

|ω| 2 1 1.6 1.5

Arg(α) π/2 π/4 −2π/3 π/3

Arg(ω) −π/10 −π/20 π/20 −π/15

tanβ 2 2 3 2

MH± [GeV] 195 225 166 190

M [TeV] 2.5 2 2 2.5

µ [GeV] 160 190 140 150

mS [GeV] 160 400 100 150

Table 1: Input parameters. For all scenarios we choose a common squark mass of m̃ = 800 GeV,
a common slepton mass of m̃� = 1100 GeV, trilinear couplings At = 2m̃, Ab = Aτ = 0 and gaugino
masses Mg̃ = 3M2 = 6M1 = 1200 GeV.

Scenario III H1 H2 H3

MHi [GeV] 145 169 198

ξ2
ZZHi

0.94 0.02 0.04

ξ2
ggHi

0.68 0.59 0.53

BR(Hi → bb) 42% (23%) 59% (0.8%) 15% (0.2%)

BR(Hi → WW ) 45% (60%) 31% (97%) 62% (74%)

BR(Hi → ZZ) 6% (8%) 0.7% (2.4%) 20% (26%)

BR(Hi → γγ)× 104 15 (17) 0.8 (1.6) 0.2 (0.5)

Table 2:

Sc. Ia Sc. Ib Sc. II

|α| 1 1 0.8

|ω| 2 1 1.6

Arg(α) π/2 π/4 −2π/3

Arg(ω) −π/10 −π/20 π/20

tanβ 2 2 3

MH± [GeV] 195 225 166

M [TeV] 2.5 2 2

µ [GeV] 160 190 140

mS [GeV] 160 400 100

Table 1: Input parameters for the scenarios discussed in the present section. For all scenarios

we choose a common squark mass of m̃ = 800 GeV, a common slepton mass of m̃� = 1100 GeV,

trilinear couplings At = 2m̃, Ab = Aτ = 0 and gaugino masses Mg̃ = 3M2 = 6M1 = 1200 GeV.

panied by a non-negligible dependence of the mass spectrum as well. For non trivial values

of Arg(α) all three Higgs boson couple to the gauge bosons and all three couplings can

be large enough that all three Higgs bosons decay dominantly into WW (see for example

Arg(α) ∼ 1.5).

Concerning the spectrum, we remark that for −1 � Arg(α) � 1, the lightest Higgs

boson lies between 160 GeV and 165 GeV, a region where the SM Higgs is excluded by

the Tevatron. As in our scenario this Higgs decays mainly into WW and has a production

cross section that is only slightly reduced compared to the SM case, Tevatron data indeed

excludes small values for Arg(α) in this scenario. In addition, we observe that the heaviest

Higgs is around 200 GeV in the full range for Arg(α) and therefore has a sizable branching

fraction not only to WW but also to ZZ. Correspondingly, this Higgs would show up first

in the H3 → ZZ → 4� channel at the LHC.

We remark however, that scenarios in which all three Higgs bosons decay dominantly

to WW do not necessarily imply a heavy Higgs with a mass of MH3 � 200 GeV. We also

found scenarios with all Higgs masses in the range 155 GeV - 180 GeV, where the main

decay channel for all Higgs bosons is Hi → WW .

Scenario Ib: This scenario consists of a heavy SM like Higgs with a mass of MH1 �
150 GeV that decays mainly into WW , and two additional heavy Higgs bosons with masses

MH2,3 � 200 GeV. An example input parameter set for such a scenario can be found in

the second row of Tab. 1. In Tab. 2 the corresponding Higgs spectrum, effective Higgs

- ZZ and Higgs - gg couplings as well as the most important Higgs branching ratios are
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Scenario A:

Sc. Ia Sc. Ib Sc. II Sc. III

|α| 1 1 0.8 1

|ω| 2 1 1.6 1.5

Arg(α) π/2 π/4 −2π/3 π/3

Arg(ω) −π/10 −π/20 π/20 −π/15

tanβ 2 2 3 2

MH± [GeV] 195 225 166 190

M [TeV] 2.5 2 2 2.5

µ [GeV] 160 190 140 150

mS [GeV] 160 400 100 150

Table 1: Input parameters. For all scenarios we choose a common squark mass of m̃ = 800 GeV,
a common slepton mass of m̃� = 1100 GeV, trilinear couplings At = 2m̃, Ab = Aτ = 0 and gaugino
masses Mg̃ = 3M2 = 6M1 = 1200 GeV.

Scenario III H1 H2 H3

MHi [GeV] 145 169 198

ξ2
ZZHi

0.94 0.02 0.04

ξ2
ggHi

0.68 0.59 0.53

BR(Hi → bb) 42% (23%) 59% (0.8%) 15% (0.2%)

BR(Hi → WW ) 45% (60%) 31% (97%) 62% (74%)

BR(Hi → ZZ) 6% (8%) 0.7% (2.4%) 20% (26%)

BR(Hi → γγ)× 104 15 (17) 0.8 (1.6) 0.2 (0.5)

Table 2:

Sc. Ia Sc. Ib Sc. II Sc. III

|α| 1 1 0.8 1

|ω| 2 1 1.6 1.5

Arg(α) π/2 π/4 −2π/3 π/3

Arg(ω) −π/10 −π/20 π/20 −π/15

tanβ 2 2 3 2

MH± [GeV] 195 225 166 190

M [TeV] 2.5 2 2 2.5

µ [GeV] 160 190 140 150

mS [GeV] 160 400 100 150

Table 1: Input parameters. For all scenarios we choose a common squark mass of m̃ = 800 GeV,
a common slepton mass of m̃� = 1100 GeV, trilinear couplings At = 2m̃, Ab = Aτ = 0 and gaugino
masses Mg̃ = 3M2 = 6M1 = 1200 GeV.

Scenario III H1 H2 H3

MHi [GeV] 145 169 198

ξ2
ZZHi

0.94 0.02 0.04

ξ2
ggHi

0.68 0.59 0.53

BR(Hi → bb) 42% (23%) 59% (0.8%) 15% (0.2%)

BR(Hi → WW ) 45% (60%) 31% (97%) 62% (74%)

BR(Hi → ZZ) 6% (8%) 0.7% (2.4%) 20% (26%)

BR(Hi → γγ)× 104 15 (17) 0.8 (1.6) 0.2 (0.5)

Table 2:

Sc. Ia Sc. Ib Sc. II

|α| 1 1 0.8

|ω| 2 1 1.6

Arg(α) π/2 π/4 −2π/3

Arg(ω) −π/10 −π/20 π/20

tanβ 2 2 3

MH± [GeV] 195 225 166

M [TeV] 2.5 2 2

µ [GeV] 160 190 140

mS [GeV] 160 400 100

Table 1: Input parameters for the scenarios discussed in the present section. For all scenarios

we choose a common squark mass of m̃ = 800 GeV, a common slepton mass of m̃� = 1100 GeV,

trilinear couplings At = 2m̃, Ab = Aτ = 0 and gaugino masses Mg̃ = 3M2 = 6M1 = 1200 GeV.

panied by a non-negligible dependence of the mass spectrum as well. For non trivial values

of Arg(α) all three Higgs boson couple to the gauge bosons and all three couplings can

be large enough that all three Higgs bosons decay dominantly into WW (see for example

Arg(α) ∼ 1.5).

Concerning the spectrum, we remark that for −1 � Arg(α) � 1, the lightest Higgs

boson lies between 160 GeV and 165 GeV, a region where the SM Higgs is excluded by

the Tevatron. As in our scenario this Higgs decays mainly into WW and has a production

cross section that is only slightly reduced compared to the SM case, Tevatron data indeed

excludes small values for Arg(α) in this scenario. In addition, we observe that the heaviest

Higgs is around 200 GeV in the full range for Arg(α) and therefore has a sizable branching

fraction not only to WW but also to ZZ. Correspondingly, this Higgs would show up first

in the H3 → ZZ → 4� channel at the LHC.

We remark however, that scenarios in which all three Higgs bosons decay dominantly

to WW do not necessarily imply a heavy Higgs with a mass of MH3 � 200 GeV. We also

found scenarios with all Higgs masses in the range 155 GeV - 180 GeV, where the main

decay channel for all Higgs bosons is Hi → WW .

Scenario Ib: This scenario consists of a heavy SM like Higgs with a mass of MH1 �
150 GeV that decays mainly into WW , and two additional heavy Higgs bosons with masses

MH2,3 � 200 GeV. An example input parameter set for such a scenario can be found in

the second row of Tab. 1. In Tab. 2 the corresponding Higgs spectrum, effective Higgs

- ZZ and Higgs - gg couplings as well as the most important Higgs branching ratios are
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CMS 1.7fb-1

ATLAS 2.3fb-1

• Scenario testable with 5fb-1 of data at the LHC



Sc. Ia Sc. Ib Sc. II

|α| 1 1 0.8

|ω| 2 1 1.6

Arg(α) π/2 π/4 −2π/3

Arg(ω) −π/10 −π/20 π/20

tanβ 2 2 3

MH± [GeV] 195 225 166

M [TeV] 2.5 2 2

µ [GeV] 160 190 140

mS [GeV] 160 400 100

Table 1: Input parameters for the scenarios discussed in the present section. For all scenarios

we choose a common squark mass of m̃ = 800 GeV, a common slepton mass of m̃� = 1100 GeV,

trilinear couplings At = 2m̃, Ab = Aτ = 0 and gaugino masses Mg̃ = 3M2 = 6M1 = 1200 GeV.

panied by a non-negligible dependence of the mass spectrum as well. For non trivial values

of Arg(α) all three Higgs boson couple to the gauge bosons and all three couplings can

be large enough that all three Higgs bosons decay dominantly into WW (see for example

Arg(α) ∼ 1.5).

Concerning the spectrum, we remark that for −1 � Arg(α) � 1, the lightest Higgs

boson lies between 160 GeV and 165 GeV, a region where the SM Higgs is excluded by

the Tevatron. As in our scenario this Higgs decays mainly into WW and has a production

cross section that is only slightly reduced compared to the SM case, Tevatron data indeed

excludes small values for Arg(α) in this scenario. In addition, we observe that the heaviest

Higgs is around 200 GeV in the full range for Arg(α) and therefore has a sizable branching

fraction not only to WW but also to ZZ. Correspondingly, this Higgs would show up first

in the H3 → ZZ → 4� channel at the LHC.

We remark however, that scenarios in which all three Higgs bosons decay dominantly

to WW do not necessarily imply a heavy Higgs with a mass of MH3 � 200 GeV. We also

found scenarios with all Higgs masses in the range 155 GeV - 180 GeV, where the main

decay channel for all Higgs bosons is Hi → WW .

Scenario Ib: This scenario consists of a heavy SM like Higgs with a mass of MH1 �
150 GeV that decays mainly into WW , and two additional heavy Higgs bosons with masses

MH2,3 � 200 GeV. An example input parameter set for such a scenario can be found in

the second row of Tab. 1. In Tab. 2 the corresponding Higgs spectrum, effective Higgs

- ZZ and Higgs - gg couplings as well as the most important Higgs branching ratios are
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Sc. Ia Sc. Ib Sc. II

|α| 1 1 0.8

|ω| 2 1 1.6

Arg(α) π/2 π/4 −2π/3

Arg(ω) −π/10 −π/20 π/20

tanβ 2 2 3

MH± [GeV] 195 225 166

M [TeV] 2.5 2 2

µ [GeV] 160 190 140

mS [GeV] 160 400 100

Table 1: Input parameters for the scenarios discussed in the present section. For all scenarios

we choose a common squark mass of m̃ = 800 GeV, a common slepton mass of m̃� = 1100 GeV,

trilinear couplings At = 2m̃, Ab = Aτ = 0 and gaugino masses Mg̃ = 3M2 = 6M1 = 1200 GeV.

panied by a non-negligible dependence of the mass spectrum as well. For non trivial values

of Arg(α) all three Higgs boson couple to the gauge bosons and all three couplings can

be large enough that all three Higgs bosons decay dominantly into WW (see for example

Arg(α) ∼ 1.5).

Concerning the spectrum, we remark that for −1 � Arg(α) � 1, the lightest Higgs

boson lies between 160 GeV and 165 GeV, a region where the SM Higgs is excluded by

the Tevatron. As in our scenario this Higgs decays mainly into WW and has a production

cross section that is only slightly reduced compared to the SM case, Tevatron data indeed

excludes small values for Arg(α) in this scenario. In addition, we observe that the heaviest

Higgs is around 200 GeV in the full range for Arg(α) and therefore has a sizable branching

fraction not only to WW but also to ZZ. Correspondingly, this Higgs would show up first

in the H3 → ZZ → 4� channel at the LHC.

We remark however, that scenarios in which all three Higgs bosons decay dominantly

to WW do not necessarily imply a heavy Higgs with a mass of MH3 � 200 GeV. We also

found scenarios with all Higgs masses in the range 155 GeV - 180 GeV, where the main

decay channel for all Higgs bosons is Hi → WW .

Scenario Ib: This scenario consists of a heavy SM like Higgs with a mass of MH1 �
150 GeV that decays mainly into WW , and two additional heavy Higgs bosons with masses

MH2,3 � 200 GeV. An example input parameter set for such a scenario can be found in

the second row of Tab. 1. In Tab. 2 the corresponding Higgs spectrum, effective Higgs

- ZZ and Higgs - gg couplings as well as the most important Higgs branching ratios are
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Scenario Ia H1 H2 H3

MHi [GeV] 157 177 202

ξ2
ZZHi

0.94 0.04 0.02

ξ2
ggHi

0.72 0.62 0.47

BR(Hi → bb) 15% (8%) 34% (0.6%) 24% (0.2%)

BR(Hi → WW ) 76% (83%) 58% (95%) 53% (74%)

BR(Hi → ZZ) 6% (7%) 2% (4%) 19% (26%)

BR(Hi → γγ)× 10
4

9 (9) 0.8 (1.2) 0.2 (0.5)

Scenario Ib H1 H2 H3

MHi [GeV] 153 201 233

ξ2
ZZHi

0.96 0.03 0.004

ξ2
ggHi

0.84 0.64 0.35

BR(Hi → bb) 19% (13%) 21% (0.2%) 51% (0.1%)

BR(Hi → WW ) 69% (74%) 56% (74%) 29% (71%)

BR(Hi → ZZ) 7% (8%) 19% (26%) 12% (29%)

BR(Hi → γγ)× 10
4

12 (12) 0.6 (0.5) 0.5 (0.3)

Scenario II H1 H2 H3

MHi [GeV] 147 150 162

ξ2
ZZHi

0.62 0.32 0.06

ξ2
ggHi

0.41 0.53 0.39

BR(Hi → bb) 69% (22%) 72% (16%) 65% (2%)

BR(Hi → WW ) 20% (63%) 17% (69%) 26% (94%)

BR(Hi → ZZ) 3% (8%) 2% (8%) 1% (3%)

BR(Hi → γγ)× 10
4

6 (16) 3 (13) 0.5 (4)

Table 2: Predictions for the Higgs spectrum, the effective ZZHi and ggHi couplings as well as

the branching ratios for the most important decay channels of the Higgs bosons in the example

scenarios defined in Tab. 1. The corresponding SM branching ratios for a SM Higgs with the same

mass are given in parenthesis. In all scenarios of this section the Hi → ττ branching ratios are

given approximately by BR(Hi → ττ) � 1
10BR(Hi → bb).

26
SUSY 2011, August 28th 2011

CP violating scenarios: Benchmark points
Scenario B:

• All three neutral Higgs bosons have masses between 145 and 160 
GeV decaying dominantly to
• Strongly suppressed cross sections in the channel
• Associated production with Higgs decays to    larger than SM but 
difficult to probe given the large Higgs masses

gg → Hi → γγ
bb̄

ττ



Sc. Ia Sc. Ib Sc. II

|α| 1 1 0.8

|ω| 2 1 1.6

Arg(α) π/2 π/4 −2π/3

Arg(ω) −π/10 −π/20 π/20

tanβ 2 2 3

MH± [GeV] 195 225 166

M [TeV] 2.5 2 2

µ [GeV] 160 190 140

mS [GeV] 160 400 100

Table 1: Input parameters for the scenarios discussed in the present section. For all scenarios

we choose a common squark mass of m̃ = 800 GeV, a common slepton mass of m̃� = 1100 GeV,

trilinear couplings At = 2m̃, Ab = Aτ = 0 and gaugino masses Mg̃ = 3M2 = 6M1 = 1200 GeV.

panied by a non-negligible dependence of the mass spectrum as well. For non trivial values

of Arg(α) all three Higgs boson couple to the gauge bosons and all three couplings can

be large enough that all three Higgs bosons decay dominantly into WW (see for example

Arg(α) ∼ 1.5).

Concerning the spectrum, we remark that for −1 � Arg(α) � 1, the lightest Higgs

boson lies between 160 GeV and 165 GeV, a region where the SM Higgs is excluded by

the Tevatron. As in our scenario this Higgs decays mainly into WW and has a production

cross section that is only slightly reduced compared to the SM case, Tevatron data indeed

excludes small values for Arg(α) in this scenario. In addition, we observe that the heaviest

Higgs is around 200 GeV in the full range for Arg(α) and therefore has a sizable branching

fraction not only to WW but also to ZZ. Correspondingly, this Higgs would show up first

in the H3 → ZZ → 4� channel at the LHC.

We remark however, that scenarios in which all three Higgs bosons decay dominantly

to WW do not necessarily imply a heavy Higgs with a mass of MH3 � 200 GeV. We also

found scenarios with all Higgs masses in the range 155 GeV - 180 GeV, where the main

decay channel for all Higgs bosons is Hi → WW .

Scenario Ib: This scenario consists of a heavy SM like Higgs with a mass of MH1 �
150 GeV that decays mainly into WW , and two additional heavy Higgs bosons with masses

MH2,3 � 200 GeV. An example input parameter set for such a scenario can be found in

the second row of Tab. 1. In Tab. 2 the corresponding Higgs spectrum, effective Higgs

- ZZ and Higgs - gg couplings as well as the most important Higgs branching ratios are
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Sc. Ia Sc. Ib Sc. II

|α| 1 1 0.8

|ω| 2 1 1.6

Arg(α) π/2 π/4 −2π/3

Arg(ω) −π/10 −π/20 π/20

tanβ 2 2 3

MH± [GeV] 195 225 166

M [TeV] 2.5 2 2

µ [GeV] 160 190 140

mS [GeV] 160 400 100

Table 1: Input parameters for the scenarios discussed in the present section. For all scenarios

we choose a common squark mass of m̃ = 800 GeV, a common slepton mass of m̃� = 1100 GeV,

trilinear couplings At = 2m̃, Ab = Aτ = 0 and gaugino masses Mg̃ = 3M2 = 6M1 = 1200 GeV.

panied by a non-negligible dependence of the mass spectrum as well. For non trivial values

of Arg(α) all three Higgs boson couple to the gauge bosons and all three couplings can

be large enough that all three Higgs bosons decay dominantly into WW (see for example

Arg(α) ∼ 1.5).

Concerning the spectrum, we remark that for −1 � Arg(α) � 1, the lightest Higgs

boson lies between 160 GeV and 165 GeV, a region where the SM Higgs is excluded by

the Tevatron. As in our scenario this Higgs decays mainly into WW and has a production

cross section that is only slightly reduced compared to the SM case, Tevatron data indeed

excludes small values for Arg(α) in this scenario. In addition, we observe that the heaviest

Higgs is around 200 GeV in the full range for Arg(α) and therefore has a sizable branching

fraction not only to WW but also to ZZ. Correspondingly, this Higgs would show up first

in the H3 → ZZ → 4� channel at the LHC.

We remark however, that scenarios in which all three Higgs bosons decay dominantly

to WW do not necessarily imply a heavy Higgs with a mass of MH3 � 200 GeV. We also

found scenarios with all Higgs masses in the range 155 GeV - 180 GeV, where the main

decay channel for all Higgs bosons is Hi → WW .

Scenario Ib: This scenario consists of a heavy SM like Higgs with a mass of MH1 �
150 GeV that decays mainly into WW , and two additional heavy Higgs bosons with masses

MH2,3 � 200 GeV. An example input parameter set for such a scenario can be found in

the second row of Tab. 1. In Tab. 2 the corresponding Higgs spectrum, effective Higgs

- ZZ and Higgs - gg couplings as well as the most important Higgs branching ratios are
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Scenario Ia H1 H2 H3

MHi [GeV] 157 177 202

ξ2
ZZHi

0.94 0.04 0.02

ξ2
ggHi

0.72 0.62 0.47

BR(Hi → bb) 15% (8%) 34% (0.6%) 24% (0.2%)

BR(Hi → WW ) 76% (83%) 58% (95%) 53% (74%)

BR(Hi → ZZ) 6% (7%) 2% (4%) 19% (26%)

BR(Hi → γγ)× 10
4

9 (9) 0.8 (1.2) 0.2 (0.5)

Scenario Ib H1 H2 H3

MHi [GeV] 153 201 233

ξ2
ZZHi

0.96 0.03 0.004

ξ2
ggHi

0.84 0.64 0.35

BR(Hi → bb) 19% (13%) 21% (0.2%) 51% (0.1%)

BR(Hi → WW ) 69% (74%) 56% (74%) 29% (71%)

BR(Hi → ZZ) 7% (8%) 19% (26%) 12% (29%)

BR(Hi → γγ)× 10
4

12 (12) 0.6 (0.5) 0.5 (0.3)

Scenario II H1 H2 H3

MHi [GeV] 147 150 162

ξ2
ZZHi

0.62 0.32 0.06

ξ2
ggHi

0.41 0.53 0.39

BR(Hi → bb) 69% (22%) 72% (16%) 65% (2%)

BR(Hi → WW ) 20% (63%) 17% (69%) 26% (94%)

BR(Hi → ZZ) 3% (8%) 2% (8%) 1% (3%)

BR(Hi → γγ)× 10
4

6 (16) 3 (13) 0.5 (4)

Table 2: Predictions for the Higgs spectrum, the effective ZZHi and ggHi couplings as well as

the branching ratios for the most important decay channels of the Higgs bosons in the example

scenarios defined in Tab. 1. The corresponding SM branching ratios for a SM Higgs with the same

mass are given in parenthesis. In all scenarios of this section the Hi → ττ branching ratios are

given approximately by BR(Hi → ττ) � 1
10BR(Hi → bb).
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CP violating scenarios: Benchmark points
Scenario B:

• Might be probed with 5fb-1 of data given 
lack of mass resolution... All three Higgs bosons 
appear as one

CMS 1.7fb-1

ATLAS 2.3fb-1
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Closing Remarks

• Introduced two new dimension 5 operators to the 
MSSM and study their implications as a possible 
source of CP violation

• Low       favorable with EDM constraints
• Sizable couplings of Higgs bosons with weak 
gauge bosons

• BMSSM with CP violation leads to interesting 
signals in Higgs collider physics that will be probed 
very soon

• Three Higgs bosons with significant branching 
ratios into WW
• Three heavy Higgs bosons decaying primarily 
into bb̄

tanβ
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Figure 1: Constraints in the µ − mS plane from vacuum stability. The region within the blue,

(green, red) contour leads to an absolute stable electroweak vacuum for a charged Higgs mass of

150 GeV (250 GeV, 350 GeV). The NP scale M is fixed to 2 TeV, tanβ = 2, |ω| = |α| = 1,

mt̃ = 800 GeV and At = 2mt̃. In the left plot both α and ω are real and positive, while the right

plot shows the situation with maximal phases Arg(α) = Arg(ω) = π/2. The gray band is excluded

by direct bounds on the chargino mass.

regions for µ are strongly constrained, especially for low values of the charged Higgs mass

(see the blue contours in Fig. 1 corresponding to MH± = 150 GeV).

However, one should keep in mind that the requirement of absolute vacuum stability is

rather conservative: it would be sufficient to impose that the EW vacuum is metastable,

provided that its life time is longer than the age of the universe. This possibility has

been discussed in [23] in the context of the BMSSM without CP violation. Using simple

analytic approximations for the bounce action [36], we checked that the viable parameter

space indeed opens up to some extent if we allow for a metastable vacuum. However, to

be conservative, we require always absolute stability of the vacuum in the discussion of the

Higgs phenomenology.

2.3 The Higgs Spectrum

We now briefly review the effects of the higher dimensional operators introduced in the

previous section and in particular of the new physics phases on the Higgs spectrum. In

order to keep a clear comparison to the case without CP violation, we write the mass

matrices of the neutral Higgs bosons in the basis that would diagonalize it in absence of

new sources of CP violation

�
h

H

�
=

�
cα −sα

sα cα

��
hu

hd

�
,

�
G

A

�
=

�
sβ −cβ

cβ sβ

��
au

ad

�
. (9)
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M = 2 TeV

tanβ = 2

|α| = |ω| = 1

Plot corresponding to values for 
the charged Higgs mass of 150, 
250 and 350 GeV


